npg Repair of bulky DNA adducts by the nucleotide excision repair (NER) pathway is one of the more versatile DNA repair pathways for the removal of DNA lesions. There are two subsets of the NER pathway, global genomic-NER (GG-NER) and transcription-coupled NER (TC-NER), which differ only in the step involving recognition of the DNA lesion. Following recognition of the damage, the sub-pathways then converge for the incision/excision steps and subsequent gap filling and ligation steps. This review will focus on the GGR sub-pathway of NER, while the TCR sub-pathway will be covered in another article in this issue. The ability of the NER pathway to repair a wide array of adducts stems, in part, from the mechanisms involved in the initial recognition step of the damaged DNA and results in NER impacting an equally wide array of human physiological responses and events. In this review, the impact of NER on carcinogenesis, neurological function, sensitivity to environmental factors and sensitivity to cancer therapeutics will be discussed. The knowledge generated in our understanding of the NER pathway over the past 40 years has resulted from advances in the fields of animal model systems, mammalian genetics and in vitro biochemistry, as well as from reconstitution studies and structural analyses of the proteins and enzymes that participate in this pathway. Each of these avenues of research has contributed significantly to our understanding of how the NER pathway works and how alterations in NER activity, both positive and negative, influence human biology.
Xeroderma pigmentosum (XP): a genetic disease that defines NER
Xeroderma pigmentosum (XP), an autosomal recessive disease with 7 complementation groups and a single variant, is categorized by extreme sensitivity to sunlight and predisposition to cancer. The clinical manifestations of this disease stem from a decrease in DNA repair caused by mutations in proteins of the nucleotide excision repair (NER) pathway. In 1968, a direct link was found between DNA repair and carcinogenesis following the observation that cells derived from XP patients were unable to repair ultraviolet (UV)-induced DNA damage, leading to an increased predisposition to cancer [1] . Since that time, the connection between DNA repair and cancer has been rediscovered numerous times. The analysis of XP allowed the delineation of the NER pathway with each complementation group, XPA through XPG, corresponding to an essential protein in the pathway (Table 1) . Each protein in this pathway has been studied in great detail with respect to activity, interactions and post-translational modifications (PTMs). A subset of the XP proteins participate in other pathways including the repair of oxidative damage, removal of DNA cross-links and transcription [2, 3] . The dual role of these proteins at the molecular level explains other manifestations of XP including neurological symptoms. Recent analysis of XP genetics has focused on variations in expression level and single-nucleotide polymorphisms (SNPs) as they relate to a variety of physiological responses, including susceptibility to certain cancer types, response to DNA damaging chemotherapeutic agents and aging. The convergence of genetic and biochemical analyses will ultimately allow the determination of the impact of NER SNPs on DNA repair capacity, which is the true measure of the biological and physiological effects of SNPs. Much of the basic enzymology of NER is evolutionarily conserved from prokaryotes, including damage recognition, dual incision and repair synthesis. These findings are highlighted in a recent, excellent review on prokaryotic NER [4] . Analysis of NER in both eukaryotic and prokaryotic systems has elucidated the biochemical mechanisms of XP. Over the past decade there have been major strides in our understanding of XP and its relationship to DNA repair, thus advancing our knowledge of NER. Such work has allowed us to more broadly determine how variations in NER proteins, including expression level, mutations and SNPs, can increase an individual's susceptibility to cancer as well as predict the response to chemotherapeutic treatments.
In vitro reconstitution of NER
The NER pathway removes bulky DNA adducts caused by UV irradiation and chemical mutagens. The repair of DNA damage begins with a damage recognition step and assembly of a pre-incision complex, followed by excision of the damaged strand and gap-filling DNA synthesis. The establishment of a quantitative, reliable in vitro NER activity assay has resulted in the purification and characterization of the individual proteins and complexes via biochemical complementation of XP cell-free extracts [5] ( Table 1) .
The six core factors that have been implicated in the damage recognition and dual incision steps of global genomic-NER (GG-NER) are the XPC-RAD23B complex, transcription factor IIH (TFIIH), XPA, replication protein A (RPA), XPG, and XPF-ERCC1 [6] . In addition, the damaged DNA-binding protein (DDB), a heterodimer of p120 and p48 subunits, plays a role in the recognition process of certain adducts [7] . While initial work indicated that the p120 subunit was linked to XPE, subsequent analysis revealed that in all bona fide XPE cells the defect mapped to the DDB2 gene which encodes the p48 subunit [8] . It is generally accepted that XPA, RPA, TFIIH and XPC-RAD23B comprise the initial recognition, or pre-incision, complex. XPA, a 40 kDa zinc metalloprotein, is an integral protein in NER and is unique in the sense that, unlike most NER factors, it does not appear to play a role in other biochemical processes in the cell. XPA interacts with many of the core repair factors in NER and, without XPA, no stable pre-incision complex can form, nor can NER occur [9, 10] . In addition, XPA has recently been demonstrated as the limiting factor in NER damage recognition [11] . RPA, a heterotrimeric protein composed of 70, 32 and 14 kDa subunits, is a single-stranded DNA binding protein that is involved in several cellular processes, including NER, recombination, DNA replication and signaling by DNA damage checkpoints [12] . RPA plays an integral role in recognition preceding incision and in post-excision repair synthesis. XPC is a 106 kDa protein that forms a stable complex with RAD23B, which is a 43 kDa human homolog of the yeast NER protein RAD23 [13] . Centrin 2 has been shown to interact with XPC-RAD23B and, while this component is not required for in vitro NER incision of UV-damaged DNA repair is stimulated by centrin 2 [14] . In vivo relevance of this interaction was demonstrated by studying a XPC mutant that is unable to bind centrin 2, which abrogated the stimulatory effect of centrin-2 on incision activity in vitro, and rendered cells hypersensitive to UV irradiation [14] . Of all the proteins involved in NER, XPC has the strongest affinity for both damaged and undamaged DNA [15] . Centrin-2 was also found to stimulate both the damaged and undamaged DNA-binding activity of XPC [14] .
XPC-RAD23B has a critical role in the recruitment of TFIIH and interacts strongly with this complex [16] . TFIIH is a nine-subunit complex that functions in both NER and transcription initiation. Two of its subunits, XPB and XPD, are DNA helicases which unwind the damaged duplex DNA [17] . Once the DNA has been unwound, XPG and XPF-ERCC1 are sequentially employed to make the 3′ and 5′ incisions, respectively, on each side of the lesion [10] . Following incision, the damage-containing oligomer of approximately 24 to 32 nucleotides is excised and the DNA structure is restored via the gap-filling stage of NER, which requires replication factor C (RFC), PCNA, DNA polymerase δ or ε, DNA ligase I and RPA [18] . Very recent results have demonstrated that the gap-filling and ligation step in NER may also be accomplished by an alternative pathway. In a DNA polymerase δ-dependent reaction, XRCC1 and DNA ligase IIIα have been demonstrated to be required for gap filling in quiescent cells [19] . The authors also demonstrated a cell cycle dependence whereby the DNA ligase I pathway is only active in late G1/S cells. These recent advances provide considerable insight into what was typically thought to be a relatively unregulated step in NER and highlight the importance of continued investigation into the basic mechanisms of DNA repair.
Recognition of DNA damage by NER factors
In order for the NER pathway to repair bulky DNA adducts, the factors involved must be able to distinguish DNA damage sites from the vast background of undamaged DNA. Unlike TC-NER, GG-NER is initiated not by the stalling of a DNA metabolic protein but rather by specific recognition of the DNA damage site by proteins in the NER pathway. NER proteins are able to discern damaged DNA from the undamaged DNA due to the ability of certain proteins in the pathway to identify areas of bulky DNA lesions that have undergone helical distortions.
The three factors involved in the recognition step of GGR, XPC-RAD23B, XPA and RPA, all show a binding preference to damaged duplex DNA compared to undamaged. Numerous models have been proposed to illustrate the order of assembly of proteins at the site of DNA damage and the mechanism of the NER pathway. One of the first theories held that a preassembled complex, with all six core factors, was able to carry out the entire excision reaction. Several lines of investigation, however, argue against the existence of a cellular preformed complex capable of carrying out all the necessary steps in NER (reviewed in ref. [20] ).
The precise order of assembly of these core recognition factors on the site of DNA damage has been the subject of many studies, with early in vitro data supporting models of either XPC-RAD23B or XPA-RPA as the first complex that binds to a UV-induced DNA lesion [21, 22] . While initial evidence suggests that RPA or an RPA-XPA complex binds first to the damage and subsequently recruits XPC-RAD23B with TFIIH, more recent analyses support the hypothesis that XPC-RAD23B is the primary damage recognition factor [23] [24] [25] . A likely cause for inconsistent findings in regard to the order of assembly can be attributed either to the variety of experimental assays and conditions employed, or to the fact that no specific order is in fact necessary.
Given the absence of a preformed complex, the assembly of NER factors at the site of a UV-induced DNA lesion must occur in either a sequential, ordered process or a random addition process. The term "recruitment" is often used to describe the assembly of protein factors in a variety of cellular pathways including NER. The idea of "recruiting" a protein to a site of DNA damage or the assembly of factors to form an incision nuclease, while satisfying, is a descriptive observation. The mechanisms of "recruitment" have, however, yet to be discerned. In the absence of a yet-tobe-discovered soluble signaling molecule emanating from the site of damage in a chemotactic-like model, assembly at the sites of DNA damage in the GGR pathway of NER must include components for the kinetics of association and dissociation and the local concentrations of relevant proteins. Our understanding of the assembly process has been greatly aided more recently by cell-based studies of repair rates and measurement of assembly at the sites of damage. Immunofluorescence analysis and the use of fluorescent tagged NER factors have enabled a sub-set of interactions to be better characterized. For example, analyses revealed that XPC-RAD23B is required for TFIIH assembly at the sites of DNA damage [23] . These results and analysis of various XP cell lines led to the conclusion that XPC-RAD23B represents the first factor bound at the sites of DNA damage. Analysis of the XPA dynamics revealed that XPA rapidly accumulates at the sites of DNA damage in an XPC-dependent manner [26] . These results are consistent with but do not prove the hypothesis that XPC represents the first molecule bound at the site of a UVinduced DNA lesion. For example, transient XPA binding to a UV-damage site with a fast rate of dissociation would result in the inability to localize XPA at the lesion in the absence of XPC. If XPC-RAD23B decreased the rate of XPA dissociation, the accumulation of XPA at the sites of UV damage would then only be observed in XPC-positive cells. A second consideration in the studies of NER protein dynamics in XP cell lines is whether proteins which are not required for a specific sub-pathway, TCR or GGR, participate in that pathway when such proteins are present in the cell. For instance, even though XPC is not required for TCR, in XPC wild-type cells, does the XPC-TFIIH
npg interaction result in XPC localization with stalled RNA polymerase II at UV damage sites? Additional studies of NER in live cells will undoubtedly allow these interesting questions to be answered to better define the cellular response to UV damage. More recently, mathematical modeling has been employed in attempts to elucidate the order of addition of NER factors at the sites of UV damage. Similar to the in vitro and cellular repair data, the models yield disparate results. Using a model without including RPA as a recognition factor indicates that a sequential ordered process results in the most efficient excision [27] . More recent modeling however favors a random order-cooperative binding/kinetic proofreading model [28] . This model incorporates RPA as a recognition factor and includes potential dissociation of NER factors, and supports RPA, XPA and XPC-RAD23B assembly at the site of damage. This model also invokes a cooperativity function in binding to achieve a higher specificity for damaged DNA. This specificity is enhanced by the kinetic proofreading activity of TFIIH to verify the recognition step [28] . This represents an interesting treatment of the damage recognition step in NER and highlights the importance of the kinetics of the interactions. Evidence is also presented suggesting that random assembly provides kinetic advantages to a sequential model of assembly [28] . While considerable evidence suggests that XPC-RAD23B is the main initiator of GGR, how well the model reflects the damage recognition process in vivo in the vast majority of cells where all the factors are present remains to be determined.
Once a site of damage is identified, DNA excision occurs exclusively on the DNA strand that contains the DNA adduct. This indicates that the proteins involved in NER are able to distinguish not only damaged vs. undamaged duplex DNA but also which strand contains the adduct [29] . Pre-steady-state kinetic analysis of both RPA and XPC-RAD23B demonstrates that both of these factors display an increased rate of dissociation from damaged singlestranded DNA compared to undamaged single-stranded DNA [30, 31] . These results suggest the involvement of both factors in the discrimination of the damaged DNA strand versus undamaged DNA strand of the duplex DNA. The finding that each of these factors contains this potential discriminatory activity suggests that this represents an early step in the recognition process, and that the strand to be incised is potentially determined prior to the addition of XPB and XPD helicases in the TFIIH complex. The model presented in Figure 1 highlights the structural changes in the DNA duplex accompanying binding of the individual NER factors. The potential for reversible binding of multiple factors is highlighted in the first reversible step with a committed, irreversible second step. If the initial binding were to occur at an undamaged site, the second step would also be reversible to limit incision at undamaged sites.
NER protein-induced DNA structural changes
XPC-RAD23B has been implicated as the first protein in this pathway to interact with DNA and has been shown to induce the first structural changes in the DNA required for NER, specifically the opening of the DNA double helix [10, 32] . XPC-RAD23B has been shown in vitro to bind better to duplex DNA containing helix-distorting lesions, such as cisplatin adducts, compared to undamaged DNA [31, 33] . However, when comparing the ability of XPC-RAD23B to bind to DNA containing less helix-distorting lesions, such as cyclobutane pyrimidine dimers (CPDs), with undamaged DNA, no difference in binding is observed [34] . This increased recognition of more helix-distorting lesions has also been observed in examination of 1,3 GpXpG vs. 1,2 GpG cisplatin-DNA adducts. XPC-RAD23B is better able to recognize the more helix-distorting 1,3 GpXpG cisplatin adducts compared to the 1,2 lesions [31] . An interesting observation has been made in which XPC-RAD23B displays decreased binding affinity for less helix-distorting lesions but is still able to discriminate between damaged and undamaged DNA substrates as only the damaged duplex DNA undergoes repair [34] . The very recent structural analysis of yeast XPC ortholog, Rad4/Rad23, with a CPD damaged DNA confirms and extends many of these findings [35] .
The structure reveals the insertion of a beta-strand between the DNA strand of the duplex with concomitant "flipping out" of the bases opposite the lesion. A similar model was also observed for the uvrB protein involved in prokaryotic NER [36] . The "flipping out" of bases via insertion of beta sheets represents a common theme for DNA repair proteins [37] [38] [39] [40] [41] and leads to a series of interesting questions regarding how mammalian NER proteins assemble on damaged DNA. Do the extra helical bases increase the affinity of RPA and XPA for the structure or does the presence of RPA-XPA increase XPC-dependent changes in the structure of the DNA? These types of dynamic interactions necessitate the use of kinetic analysis to assess how the interaction influences both DNA structure and assembly of proteins as intermediates in the DNA damage recognition process. XPA, like XPC-RAD23B, is required for the opening of the DNA duplex, but is further downstream from the lesion than XPC-RAD23B [42] . Solution structure work has shown that XPA is able to interact directly with DNA via its zinc-containing domain [43] . Previous work has shown that the ability of XPA to bind damaged DNA increases as deformation of the DNA increases [44] . Further work demonstrated that two conserved lysines, 141 and 179, are important for damage recognition and that kinking of the DNA in regions of damage increases electrostatic potential, which aids in XPA recognition of the damaged DNA [45] . XPA has also been demonstrated to contact both strands of the duplex DNA and inhibit RPA-dependent DNA unwinding [46, 47] . These results suggest that XPA may stabilize the single-strand/double-strand DNA junction 5′ of the damage (Figure 1) .
RPA, which binds ssDNA with a high affinity using six oligonucleotide/oligosaccharide (OB) folds, enhances the ability of XPA to recognize damaged DNA [47] . Like the other proteins involved in the DNA damage recognition step of NER, RPA binds damaged duplex DNA via a kinetic mechanism involving a higher rate of association and lower rate of dissociation when comparing damaged versus undamaged duplex DNA [30, 48] . Although RPA binds damaged duplex DNA better than undamaged, it still binds ssDNA with a greater affinity than either type of duplex [47] . Its ability to bind damaged DNA may come from the distortion produced by bulky adducts as well as the DNA unwinding that other proteins in the pathway induce. The nature of the adduct itself or binding XPC-RAD23B produces a substrate that has single-stranded character to which RPA can recognize and bind. RPA has been shown to unwind duplex linear DNA [49] and binding of RPA to cisplatin-damaged DNA generates single-stranded DNA [50] . When XPA forms an RPA-XPA-binding complex, the affinity for damaged DNA and the stability of the damaged DNA duplex increases [47] . This is evidenced by a decrease in the amount of single-stranded DNA that is generated by the binding of RPA to duplex damaged DNA [47] . Although the amount of single-stranded DNA that is generated is decreased, kinetic analysis examining binding of XPA and RPA to duplex damaged DNA indicates a biphasic reaction that is consistent with denaturation of the duplex DNA and binding of RPA to the single-stranded DNA [47] . Therefore, RPA's role in NER may be in the recognition of the singlestranded DNA formed by the preincision complex.
Modulation of NER via PTMs and protein-protein interactions
The ability of proteins to participate in the NER pathway is regulated by several factors including PTM and interactions with other proteins. XPC-RAD23B has been shown to be ubiquitylated in response to UV light by the DDB2-E3 ubiquitin ligase complex, a modification shown to be required for cell-free NER of UV-induced 6-4 photoproducts [51] . SUMO-1 modification of XPC has also been reported in response to UV-induced DNA damage [52] . While the definitive role of SUMO-1 modification has not been determined, the potential exists that this modification negatively impacts ubiquitylation. More recent studies have revealed considerable insights into the association of DDB2 and XPC with UV-damaged DNA [53] . DDB2 was found to associate with and dissociate from UV-damage sites independent of XPC. DDB2 degradation following UV damage was also uncoupled from (UV-damaged) DNA
npg binding. A model for DDB2 regulation of chromatin was proposed, whereby accessibility of NER complexes is impacted by preassociation with DDB [53] . The PTM of XPA has also been recently reported. Phosphorylation at XPA serine 196 has been shown to be required for cell survival in response to UV treatment, but no analysis of NER activity was performed. Thus, the direct role or importance of this residue in assembly and disassembly of NER complexes is unclear [54] . RPA is also regulated by phosphorylation; however, it does not seem to have an effect on NER activity [55] . Although phosphorylation does not have an effect on NER activity, RPA is hyperphosphorylated in response to UV treatment and hydroxyurea, and this phosphorylation results in slightly reduced binding to duplex damaged and undamaged DNA [56, 57] . In the background of overall lower DNA-binding activity, hyperphosphorylated RPA still retains specificity for cisplatin-damaged DNA versus undamaged DNA [56, 57] . The major impact of RPA hyperphosphorylation is on protein-protein interactions. Hyperphosphorylation of RPA resulted in reduced binding to DNA polymerase α, ATM and DNA-PK, while having no effect on XPA binding [56, 58] . To ultimately determine the mechanisms by which these PTMs influence protein-protein interactions, detailed analysis of the points of contact needs to be performed. Preferably, these interactions must be studied in the context of full-length proteins and higher-ordered complexes. Studies of this type will undoubtedly benefit from technological advances, especially in analytical techniques, including protein modification and mass spectrometry, which can be used to identify precise sites of interaction.
NER polymorphisms and cancer predisposition
Considering the long history of associating NER and carcinogenesis, NER genes have been the subject of intense scrutiny using advances in the analysis of SNPs [59] [60] [61] [62] [63] [64] . The hypothesis that decreased DNA repair capacity results in increased mutation rates and genetic instability that eventually increase cancer development is firmly supported by a variety of rare human diseases including hereditary nonpolyposis colorectal cancer (HNPCC), XP and ataxia telangiectasia (AT). Extending this hypothesis to the general population to ascertain cancer risk has been driven by technological advances in the analysis of human gene expression and polymorphisms. Many of these analyses are contradictory and present a considerable challenge in delineating true connections and relationships. An additional shortcoming of many of these studies is that they often do not measure the parameter on which the above hypothesis is based, DNA repair capacity. Results obtained analyzing XPD SNPs highlight this disconnect between genetic marker analysis and biochemical ramification and was the subject of a recent review [65] . The three most common XPD SNPs include R156R, D312N and K751Q. Contradictory results have been obtained in the analysis of these SNPs in nearly every cancer type tested. More recent meta-analysis of the entire series of studies revealed that the R156R, which is a synonymous polymorphism, is important in skin cancer [66] . The mechanism by which this genetic change could impact DNA repair is unclear unless this SNP is associated with another SNP that directly impacts DNA repair. The authors also identified significant associations between the 312 and 751 SNPs and skin, breast and lung cancers [66] . Despite neither amino acid being highly conserved or in a region of the protein thought to impact function, UV sensitivity of peripheral blood lymphocytes (PBLs) from individuals with 312N and 751Q was greater than that from those with 312D and 751K [67] , consistent with decreased NER capacity. The analysis of an XPC SNP K939Q has uncovered a correlation with certain cancers [68] [69] [70] [71] . This SNP maps to a critical region of XPC, the extreme C-terminal domain, that is crucial for interaction with TFIIH [72] , thus providing a potential biochemical basis for decreased DNA repair capacity and increased cancer risk. Despite the limitations of many of these studies, the analysis of DNA repair SNPs does reveal potentially interesting associations. Further analyses at the genetic and biochemical level are needed to determine the true impact of these individual SNPs. While many studies have reported on a subset of DNA repair factor polymorphisms, a recent study evaluated a wide array of DNA repair factor SNPs and reported that individual SNPs offer little predictive power. Recent analyses of multiple SNPs within the DNA repair pathway have resulted in greater predictive capacity for cancer risk and response to DNA-damaging chemotherapeutics [73, 74] .
NER and response to chemotherapeutics
In addition to a role in carcinogenesis, NER capacity is also relevant in the context of cancer treatment. Numerous chemotherapeutic agents, including cisplatin, act via the formation of bulky DNA adducts. Increased DNA repair capacity would be anticipated as detrimental to cisplatin efficacy, while decreased DNA repair capacity would result in a more positive initial response to the therapy. Cisplatin is a front-line treatment for a variety of cancers, including testicular, lung and ovarian cancers, as well as tumors of the head and neck [75] [76] [77] [78] [79] . The importance of DNA repair capacity in influencing chemosensitivity has been born out in a subset of cancers and treatments. The most clear-cut case is most likely that of testicular cancer, where cisplatin-based treatment regimens achieve a 95% cure rate [80] . This phe-npg nomenal clinical outcome is correlated with dramatically reduced DNA repair capacity in testicular cancer cells as a result of decreased levels of the critical XPA protein [11, 81, 82] . Other proteins involved in the NER pathway, including ERCC1 and XPF, have also been shown to be reduced in testis tumor cell lines [82] . Conversely, patients with nonsmall cell lung cancer (NSCLC) present with higher levels of DNA repair capacity and an inverse correlation has been made between survival rate and DNA repair capacity [83] . Considering these activities and correlations, targeting the NER pathway has the potential to increase the efficacy of current chemotherapeutic agents that work by damaging DNA [84] . In particular, the RPA-XPA complex is one target currently under investigation, and small-molecule inhibitors (SMIs) of RPA have been identified via in vitro high-throughput screening [85] . We have extended these studies to include identification of SMIs that prevent XPA binding to DNA. The ability to prevent XPA binding to DNA using SMIs will stop the NER pathway at the recognition step and prevent downstream signals for repair. In contrast, targeting RPA with an SMI has the potential to perturb several DNA metabolic pathways, including DNA replication, recombination and repair. While the search for inhibitors with increased specificity drives much of current drug discovery efforts, recent analysis of kinase inhibitors indicates that broad inhibition of important classes of targets can yield dramatic clinical responses.
Conclusions
Building on the foundation established by early studies of XP and advances in our understanding of the mechanics of the repair process and how it is regulated, the field of NER has re-emerged as a key component in the research of carcinogenesis, cancer treatment and, more recently, aging [86, 87] . With the current focus on translating this knowledge towards benefiting human health, the challenge will be to maintain the generation of new knowledge in this field and to expand the foundation of the basic mechanics of NER and how the NER pathway impacts human biology.
